Zirconia-based restorations are showing an increase as the clinicians' preferred choice at posterior sites because of the strength and esthetic properties of such restorations. However, all-ceramic restorations fracture at higher rates than do metal-based restorations. Margin design is one of several factors that can affect the fracture strength of all-ceramic restorations. The aim of this study was to assess the effect of preparation and crown margin design on fracture resistance. Four groups of bilayer zirconia crowns (with 10 crowns in each group) were produced by hard-or soft-machining technique, with the following four different margin designs: chamfer preparation (control); slice preparation; slice preparation with an additional cervical collar of 0.7 mm thickness; and reduced occlusal thickness (to 0.4 mm) on slice preparation with an additional cervical collar of 0.7 mm thickness. Additionally, 10 hard-machined crowns with slice preparation were veneered and glazed with feldspathic porcelain. In total, 90 crowns were loaded centrally in the occlusal fossa until fracture. The load at fracture was higher than clinically relevant mastication loads for all preparation and margin designs. The crowns on a chamfer preparation fractured at higher loads compared with crowns on a slice preparation. An additional cervical collar increased load at fracture for hard-machined crowns.
All-ceramic dental restorations are increasingly preferred over metal-based restorations (1, 2) . The early all-ceramic crowns had lower mechanical strength, which limited their use to the anterior region (1, 2) . Polycrystalline ceramics, such as zirconia containing only crystalline particles, allow use of all-ceramic restorations even at posterior teeth (3, 4) . In order to improve the esthetics of zirconia, the crowns can be produced as bilayer crowns with an esthetic veneering layer over the zirconia core. However, the rate of failure of bilayer crowns is still higher than for metalbased crowns (4) (5) (6) (7) (8) (9) . The most frequent clinical failures are chipping and delamination of the veneering layer. Core fractures represent a low percentage of the failures observed in zirconia-based bilayers in clinical studies (4) . The amount of core fractures may, however, be underestimated because of the lack of a sufficient number of clinical studies with an observation period extending beyond 3 yr. Personal communication with dental technicians and practicing dentists indicate that core failure is more common than the scientific evidence indicates. Core fracture can be related to several factors, such as material composition, production method, design, and thickness of the core.
In vitro studies have been performed in order to achieve a better insight into the behavior of modern high-strength zirconia crowns (10, 11) . The fracture modes observed with conventional in vitro fracture strength tests often differ from the fracture modes observed with clinically failed zirconia-based bilayer crowns (11) (12) (13) . Differences between clinical observations and in vitro tests are evident in both fracture strength values and crack initiation sites, as well as in crack propagation patterns (14) (15) (16) (17) . The fracture pattern of crowns fractured during clinical use demonstrates fracture origins in the cervical margin of the crown (15, (18) (19) (20) or from the intaglio surface of the crown (21-23) (Fig. 1) . Margin failures often occur at the proximal area of the crown, where the finish line curves toward the occlusal surface over the gingival papilla (24) .
Margin failures may be related to the design and thickness of the crown margins. Multiple studies have been performed in order to evaluate the effect of margin design on load at fracture, but the results are inconclusive. Several studies find that the margin design has an effect on the fracture resistance (24) (25) (26) (27) (28) (29) , while others see no such effect (30, 31) . The large differences in study design among these trials complicate comparison and conclusions on this issue. Clinical recommendations for margin design are based on previous experiences with all-ceramic crowns and also on the design of metal-based crowns. It is not evident whether these recommendations are optimal for the modern high-strength zirconia restorations. Most manufacturers of dental ceramics advise dentists to remove up to 0.5-1.5 mm of tooth substance to make room for a bilayer ceramic crown. A preparation depth of 1.5 mm increases the risk of negative effects on tooth vitality (32, 33) . Based on mechanical properties, zirconia crowns can probably be made using a minimal invasive slice preparation technique, as suggested by some manufacturers and in scientific papers (34, 35) . However, it is still uncertain which design provides optimal balance between crown strength and tooth vitality.
The aim of this study was to analyze the effect of different preparation and crown margin designs on load at fracture for bilayer zirconia crowns.
Material and methods

Crown preparation and margin designs
Two artificial models of premolar teeth were prepared for all-ceramic crowns with an axial wall taper of 10 degrees and rounded edges. Two different finish line designs were prepared. One model had a circumferential chamfer preparation of 0.5 mm depth; the other had a circumferential slice preparation (Fig. 2) .
Impressions of each preparation were taken using an A-silicone impression material (Affinis; Coltene, Alts€ atten, Switzerland), and stone models of the preparation were scanned. The three-dimensional (3D) digital files were used for designing the cores (Fig. 3A-C) . The cores were designed and produced by a dental technician according to the protocol. Four different designs were made: uniformthickness (0.5 mm) crowns on the chamfer preparation [control (C)]; uniform-thickness (0.5 mm) crowns on the slice preparation (S); uniform-thickness (0.5 mm) crowns on the slice preparation with an additional 0.8 mm high cervical collar in the mesiolingual-distal region (S + Col); and finally, reduced occlusal thickness (to 0.4 mm) crowns on the slice preparation with a 0.8 mm high cervical collar (S + Colr) (Fig. 3D) .
Ten crowns of each material were manufactured for each of the four designs according to instructions from the manufacturers. One set of 40 crowns was produced using a soft-machining technique (SM) (Zerion HSC zirconium oxide ceramic single unit; Institut Straumann, Basel, Switzerland) and another set of 40 crowns was produced, with the same specifications, using a hard-machining technique (HM) (Denzir Y-TZP; Denzir Cad.esthetics, Skellefte a, Sweden). In addition, 10 HM crowns made for the slice preparation were veneered and glazed with feldspathic porcelain (S + V) (Fig. 4) .
The cusps were designed with equal heights and aligned to prevent the crowns from tilting backwards during loading. The central fossa was designed to be rounded and shallow on the occlusal surface to increase the contact area between the crown and the indenter in order to disperse the load evenly and avoid localized contact damage.
Precementation examinations of margin defects
The crowns were examined at 109 magnification in an optical stereomicroscope (Leica M205 C; Leica Microsystems, Wetzlar, Germany) for signs of marginal defects. All defects or irregularities were registered and graded on a scale of 1-5, according to severity, on a Likert scale, as follows: 1, optimal margins without flaws; 2, minor chips and flaws; 3, multiple chips and flaws; 4, continuous flaws or uneven margins; and 5, large defects visible without a microscope (36) . The SM crowns were manually adjusted externally at the margin after delivery from the technician to achieve an acceptable marginal thickness edge equivalent with the margins of the HM crowns. The margin adjustment was performed using a dental handpiece (KaVo K-Control; Kavo, Biberach an den Riss, Germany) according to the manufacturer's recommendations. The crowns were re-examined to ensure that no defects had occurred during the adjustments. 
Margin design for zirconia crowns
Load testing
The crowns were cemented to epoxy models (EpoFix; Struers, Ballerup, Denmark) of the preparations with zinc phosphate oxide cement (De Trey Zink; Dentsply DeTrey, Konstanz, Germany). The cement was chosen to minimize the bonding effect of the cement. Excess cement was removed, and after a 5-min setting time the crowns were placed in distilled water at 37°C for 24 (range AE 2) h. The crowns were subsequently loaded centrally at the occlusal fossa with a horizontal cylindrical steel indenter of 13 mm in diameter, cushioned with a 2-mm-thick ethylene propylene diene rubber disc of hardness 90 Shore A (EPDM 90) to avoid contact damage. The cylinder was placed centrally to ensure even distribution of load between the cusps. The load was applied in a servo hydraulic testing system at 0.5 mm min À1 until fracture occurred (MTS 852 MiniBionix II; MTS Systems, Eden Prairie, MN, USA). The procedures were performed while the crowns were immersed in water at room temperature. Load at fracture was recorded. At 3,300 N, the procedure was halted because of equipment limitation. The fractured crowns were analyzed, using fractographic methods, to identify the fracture origin and direction of crack propagation (16, 37) . The fracture initiation area was compared with the crown margins before fracture, to assess whether pre-existing defects were the fracture initiators or not.
Statistical analysis
As a result of the limited number of specimens in each group and a tendency for skewed data, non-parametric methods were used to analyze the results. The KruskalWallis test was used for overall comparison and the Mann-Whitney U-test was used for between-group testing, with correction for multiple groups. Assessment of correlations was performed using Spearman's rank test. Significance was set to a = 0.05.
Results
After the loading test, 11 of 90 crowns did not fracture, mainly in the control groups with a chamfer preparation design (Figs 5 and 6, Table 1 ). Their load value was set to 3,300 N. Overall comparison of all data shows significant differences among the nine test groups (P = 0.0001).
In the HM groups, there were significant differences between all groups except between the control group (chamfer) and the group with a cervical collar of standard occlusal thickness. By contrast, in the SM groups, there were no significant differences except between the control group (chamfer) and the two groups with a cervical collar for both types of occlusal thicknesses.
Fractographic analysis revealed that no crowns fractured because of contact damage between the indenter and the crowns, as detected by light microscopy. Crowns fractured either from the crown margin (n = 22, Figs 7 and 8) or from the intaglio surface of the crown (n = 57, Fig. 9 ). Most crowns fractured into two or three pieces. Twentyfour of 90 crowns fractured into four or five pieces.
There was no statistically significant correlation between fracture mode and load at fracture overall (r = 0.26) or within groups (r = 0.39 for HM groups and r = 0.04 for SM groups). There was no statistically significant correlation between margin defects and load at fracture (r = 0.25).
Discussion
The overall results indicate that preparation design, crown design, and manufacturing method affect load at fracture. The different design variables assessed in this Fig. 5 . Box plot of the five hard-machined groups with different margin designs. Further load was stopped at 3,300 N (horizontal reference line at y-axis) as a result of equipment limitation. The line within boxes represents the median, and the bottom and top of boxes represent the first and third quartiles, respectively. The maximum and minimum whiskers represent 1.5 interquartile ranges. There were statistically significant differences among all the groups, except for comparison between the chamfer (C) group and the slice with cervical collar (S + Col) group (shown with triangles). S, slice; S + Colr, slice with collar and reduced occlusal thickness. Fig. 6 . Box plot of the four soft-machined groups with different margin designs. Further load was stopped at 3,300 N (horizontal reference line at y-axis) as a result of equipment limitation. The line within boxes represents the median, and the bottom and top of boxes represent the first and third quartiles, respectively. The maximum and minimum whiskers represent 1.5 interquartile ranges. Statistically significant differences between groups are marked with corresponding squares or diamonds. C, chamfer; S, slice; S + Colr, slice with cervical collar and reduced occlusal thickness; S + Col, slice with cervical collar. study are not independent. An alteration in one of the design variables also causes change in other variables. Furthermore, the effect of each variable differed between the two materials tested. Nonetheless, some effects of the different variables can be isolated.
The finding that the chamfer design crowns fractured at a higher load than did the slice design crowns in both production-method groups indicates that the commonly recommended chamfer margin design gives the strongest crowns. This is in accordance with previous studies (12, 27, (38) (39) (40) (41) (42) (43) (44) . The increased thickness in the crown margin probably explains this result. Thick crown walls can, however, compromise tooth vitality by requiring increased drilling depth (33, 45, 46) . The finding that all crowns fractured at a higher level than maximal mastication forces indicates that slice preparation design might result in sufficiently strong crowns (47) . Further studies must be performed to evaluate this in a clinical setting.
The increased margin thickness in the collar resulted in an increase of almost 20% in load at fracture compared Margin design for zirconia crowns with uniform thickness slice preparation for the HM group. This is in accordance with previous findings (48) (49) (50) . The additional collar results in fracture loads equal to the crowns made for the chamfer design. However, another study did not find a strengthening effect of a cervical collar similar to the results for the SM group in the present study (51) . Slice preparation may be associated with biological benefits as it requires less removal of sound tooth substance. On the other hand, an over-contoured crown margin may compromise gingival and periodontal health (52) . Thus, a highly polished zirconia margin with no veneer may be less plaque retentive than a zirconia core veneered down to the crown margins because the latter will be bulkier. These findings indicate that a slice preparation with a modified crown design may increase both technical and biological success.
Reducing the occlusal thickness resulted in weaker crowns as expected based on previous studies (27, (40) (41) (42) (43) 47) . This was, however, only statistically significant for the HM group. The results indicate that a change in occlusal thickness may have a greater effect on the load at fracture values than cervical thickness. The veneered crowns fractured at statistically significantly lower loads than the identical non-veneered crowns. This indicates that post-treatment of zirconia cores adversely affects fracture strength (53, 54) . Only one HM group was veneered in this study; further studies are needed to assess the effect also on other zirconia cores.
Based on previous studies, a larger difference in load at fracture between HM and SM crowns had been expected (36) . Our findings cannot fully explain why this is not the case in the present study. The results indicate that different margin designs have a more pronounced effect on the fracture resistance in HM zirconia cores for bilayer all-ceramic crowns than in SM zirconia cores. This difference may be a result of microscopic-level changes in the zirconia material occurring during the production by the two different methods. A final sintering of the SM zirconia may have a reducing effect on the microscopic defects that may have occurred during milling. Furthermore, the post-sintering adjustment necessary on the margins of the SM crowns to achieve optimal fit and crown emergence profile can affect fracture resistance. The SM restorations are milled with slightly over-contoured margins in the computer-aided design/computer-aided manufacturing (CAD/CAM) unit in order to reduce the risk of margin chips. Manual adjustment of the margins could theoretically have had a reinforcing effect on the core by introducing a t-m phase transformation toughening effect at the molecular level. On the other hand, post sintering margin adjustment of the SM crowns can also introduce new defects, although none was observed in this study. The finding that only three crowns had fracture origins in pre-existing defects indicates that margin flaws are not very detrimental to crown strength. It can, however, not be excluded that pre-existing defects not detectable by light microscopy may contribute to crack initiation (18) . Further studies of the effect of margin quality are needed to assess this.
The difference in fracture modes among the test groups indicates that both different production methods and designs affect fracture initiation and crack propagation. All fractured crowns in the present study fractured either from the margin or at the intaglio surface, as have been previously reported to be clinically relevant fracture patterns. The rubber disc placed between the indenter and the zirconia cores during loading prevented visible contact damage. It is reasonable to expect, however, that some contact damage has occurred at a microscopic level, although the effect of this is not obvious in the present study. The finding that more than two-thirds of the crowns fractured from the intaglio occlusal surface indicates that occlusal thickness is also important for crown survival. This is in accordance with previous studies in which thinner walls resulted in weaker crowns (41, 44, 55) . The finding that the crowns with reduced occlusal thickness had lower fracture loads further supports this point. The loading test configuration may explain the large proportion of fractures originating in the occlusal intaglio surface. The cylindrical indenter used to load the bicuspid zirconia cores may have created a wedging effect in addition to the axial load. Furthermore, the cement layer immediately beneath the loading area may have been crushed during loading, resulting in a local failure of the support of the zirconia core and leading to tensile stress and subsequent cracks at the intaglio surface. The cement used in this study was chosen in order to study zirconia cores without adhesive effects from the cement. This could produce somewhat different results from clinical situations and with other cements. The failure mode is, however, similar to clinical failures observed in an ongoing retrieval study, as seen in Fig. 1 .
Previous studies reveal that alterations in margins design affect the cervical stress distribution (38, 49) . The lowest load at fracture was 1,202 N, which is higher than the maximally measured biting force of 800-1,000 N (56). Considering the fact that the crowns in this study were not subjected to aging prior to testing and that they were produced and cemented under optimal conditions, the results can, nevertheless, be considered clinically relevant and indicate that zirconiabased crowns can fracture during normal mastication forces if the design is poor or if there is a defect in a tensile stress location.
Within the limitations of this study, it can be concluded that zirconia crowns made for a chamfer preparation fracture at significantly higher loads than similar crowns made for a slice preparation design. Both preparation designs resulted in crowns that fractured at loads above normal mastication forces. A slice preparation with a modified cervical collar crown design may increase both technical and biological success. The veneering process decreases the fracture resistance significantly, just as reduced wall thickness reduces load at fracture.
